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Abstract
The Wind River Range in Wyoming contains more glacial ice than any other location
within the Rocky Mountain States of Colorado, Idaho, Montana, and Wyoming of the United
States. Bull Lake Creek watershed in the southeast portion of the range contains five major (0.6
to 1.5 km²) glaciers along with numerous smaller glaciers that contribute to the Wind River.
Field measurements were made of discharge from Knife Point and Bull Lake glaciers to
determine the contribution of glacial meltwater to the river system. Water samples were
collected and analyzed for stable isotopes, major ions, nutrients and select trace elements.
Meltwater from the glaciers contributed 13.9 % to Bull Lake Creek streamflow during the
sample period. Hydrogen and oxygen stable isotope analysis indicated as much as 80 % of the
discharge in upper Bull Lake Creek was attributed to glacial meltwater. All glaciers within the
Bull Lake Creek watershed were estimated to be contributing 55.6 % to stream flow for Bull
Lake Creek for the late summer season. This study also found that nutrients (NO3 – NO2, Total
P) from glacial meltwater can be a significant source of nutrient loading to Bull Lake Creek.

Key Words: glacial meltwater contribution, discharge measurements, stable isotope analysis,
trace elements, nutrients, Wind River Range
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Introduction
Freshwater storage by glaciers is an important resource on a global, regional and local
scale (Bennett and Glasser 2009; Schaner et al. 2012). However, most of the world’s mountain
glaciers are retreating (Barry 2011; Beniston and Stoffel 2014; La Frenierre and Mark 2014),
potentially impacting not only stream flow, but also ecosystems, tourism, agriculture,
hydropower and other aspects of society (Beniston and Stoffel 2014; Carey et al. 2017; Huss et
al. 2017). This is a particular concern for ecosystems and communities in arid and semi-arid
regions of the world which rely on glacial melt as a supplemental water resource, such as in the
western United States.
Surface water represents the majority of available water resources (76.5%) in the
intermountain west of the United States (Maupin et al. 2014). More than 70% of this surface
water originates from the winter snow pack and a small portion from melting glaciers (Hall et al.
2012). Changes in the winter snow pack can have an impact on human activity as well as
riparian ecosystems due to quantity and temperature changes of the meltwater (Amadio et al.
2005; Brown et al. 2007; Xu et al. 2009). Due to the great importance of the snow pack on
riparian ecosystems and water resources, there is a clear need to be able to store this meltwater in
reservoirs for use during the late summer season after which the snow pack has long since melted
away. During years of low snowfall the lack of snow pack strains water resource use, as has
recently been the case with droughts in the western U.S. which has led to declines in reservoir
levels (Cook et al. 2007; Hall et al. 2015). However, if a supplemental source of water exists,
such as a glacier, stream flow will likely be sustained despite the lack of remaining snow pack
(Meier 1969; Mark et al. 2005; Stahl and Moore 2006).
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Glaciers are natural reservoirs which store water in both solid and liquid form as the near
surface layers of firn and snow can act as an aquifer and the internal structure of a glacier often
contains conduits and cavities which hold liquid water (Roethlisberger and Lang 1987, Fountain
and Walder 1998). Liquid meltwater within the glacier can come from either glacial ice melt or
surface snowmelt as the ice and snowmelt drains from the surface into moulins and internal ice
cavities, at times becoming trapped or stored. Release of this stored water can be delayed until
later in the summer season when glacier movement and melting cause internal changes that lead
to new conduits for the meltwater to discharge to downstream flow (Jansson et al. 2003). This
emphasizes the importance of the internal storage of the glacial system which is difficult to
analyze yet necessary for precisely understanding the hydrology of a glacier (Fountain and
Walder 1998, Jansson et al. 2003). Considering temperate glaciers are constantly contributing to
stream flow during the melt season, there is a need to more closely and broadly monitor and
understand their role in water resource contributions.
Glacier meltwater can also have an impact on the water quality of streams and coastal
systems (Baron et al. 2009; Fegel et al. 2016; Zhang et al. 2017). Drainage within the glacier
system can export nutrients and trace elements to local waterbodies (Hodson et al. 2008; Bhatia
et al. 2013; Lawson et al. 2014; Jones and Parker 2015; Sun et al. 2017). Furthermore, reduced
meltwater contributions to streamflow from glaciers and snow can negatively impact aquatic
invertebrates and their habitats (Giersch et al. 2017). Species that rely on cold water streams,
such as the meltwater stonefly (Lednia tumana), are expected to experience reduced habitat, due
to changes in water temperature and quantity, and possible extinction as winter snowpack melts
out earlier in the summer season and glaciers disappear (Giersch et al. 2017).
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The Wind River Range in west-central Wyoming contains the largest mass of glacial ice
in the Rocky Mountains States of Colorado, Idaho, Montana, and Wyoming (Cheesbrough et al.
2009). The highest peaks of the range exceed 4,000 m with the majority of the glaciers existing
above 3,500 m. The range is bisected by the Continental Divide and is located within the
Bridger and Fitzpatrick Wilderness Areas within the Bridger-Teton (to the west of the divide)
and Shoshone (to the east of the divide) National Forests respectively. Due to the designation of
the Wilderness Act (United States Congress 1964), travel by motorized vehicle is prohibited in
this area, therefore access to research these glaciers is limited to horseback and on foot. This
constraint leads to logistical and physical challenges that result in few field studies conducted on
the Wind River Range glaciers (Marston et al. 1991; Naftz et al. 1991; Naftz and Smith 1993;
Vandeberg and VanLooy 2016; VanLooy et al. 2013).
Comparatively, a large number of Wind River Range glacier studies have been conducted
using remote sensing techniques (e.g. Cheesbrough et al. 2009; DeVisser and Fountain 2015;
Maloof et al. 2014; Marks et al. 2015; Thompson et al. 2011). Most of these studies focus on the
use of aerial imagery over many decades to determine changes in glacier area and relate these
changes to recent climatic conditions. Several of these studies also incorporate area-volume
scaling to calculate glacial volume changes over time (Maloof et al. 2014; DeVisser and
Fountain 2015; Marks et al. 2015). These studies further attempt to estimate meltwater
contribution to stream flow from these volume changes. However, there are issues with
equivocating mass balance estimates directly to stream flow due to internal water storage (Hagg
et al. 2004; Tangborn et al. 1971). Due to these methodological issues, it is difficult to
accurately quantify how much a glacial system contributes to downstream flow without
conducting field measurements directly at the glacier outlet stream.
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The primary objective of this study was to quantify the glacial meltwater contribution to
the late summer stream flow of Bull Lake Creek and the Wind River, Wyoming. This research
used a hybrid approach to estimate glacial meltwater contributions to streamflow by using the
stream flow data collected in the field directly at the glacial sources in conjunction with the
broad regional coverage of glacier areas determined from remote sensing data. As well, stable
isotope analysis was conducted to measure the percentage of glacial discharge that consisted of
glacial melt versus snowmelt. Glacial meltwater chemistry analysis was also conducted to
determine meltwater quality.

Materials and Methods
Study area
The Bull Lake Creek watershed is located on the eastern side of the Continental Divide at
the southern end of the highest portion of the Wind River Range (Figure 1). The watershed
covers an area of approximately 554 km² and as of September 2015 contains 23 glaciers covering
~6.69 km², or 1.2 % of the watershed area (as determined from National Agriculture Imagery
Program (NAIP) imagery). The glaciers are situated in the far northwestern portion of the
watershed near the highest peaks in the range at elevations ranging from approximately 3,400 to
4,100 m. Meltwater flows into Bull Lake Creek which empties into the Wind River
approximately 58 km downstream from the glaciers. Bull Lake Creek water passes through Bull
Lake Reservoir which captures nearly all of the stream flow from the watershed before reaching
the Wind River with a U.S. Geological Survey (USGS) gaging station situated just above the
reservoir (station ID #06224000) (USGS 2018) (Figure 1). Bedrock geology in the glacier areas
near the mountain crests consists primarily of Precambrian gneisses, granites and ultra mafic
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crystalline rocks with sedimentary rocks present near where the tributaries meet the Wind River
(Granger et al. 1971; Frost et al. 2006).
This study focuses on the meltwater from Knife Point and Bull Lake Glaciers (Figure 2).
Knife Point Glacier is relatively low in elevation compared to most of the Wind River Range
glaciers with elevations ranging from 3,400 to 3,800 m. The glacier, which has an average slope
of 21°, is situated in a cirque basin surrounded by extremely steep headwalls and has a north
facing aspect. Bull Lake Glacier is situated to the northwest of Knife Point Glacier with a higher
range of elevations between 3,600 and 3,900 m. The slope of the glacier is relatively low at 15°,
and with an east-northeast aspect it is much more exposed to the sun as the surrounding
headwalls are not as high as around Knife Point Glacier. Field work was conducted between
August 14 – 17, 2015 during which data were collected for stream flow, air temperature, and
water chemistry at various locations around the study area.

Stream discharge measurements
Stream flow measurements were conducted at two locations: one approximately 100 m
from the stream outlet location at Knife Point Glacier (KP-2), and a second below the confluence
of the outlet streams for Knife Point and Bull Lake Glaciers (BL-3) (Figure 2). Measurements
were not collected directly from the Bull Lake outlet stream (BL-2) as the terrain was too steep.
Temporary gaging stations were installed at KP-2 and BL-3. The gaging stations consisted of
vented Global Water Level Loggers (WL16) placed in perforated pvc stilling wells anchored to
the stream bed. The water level loggers were set to record water depth at five minute intervals.
Stream flow measurements were conducted at both gaging stations using a Hach MF Pro Meter
with measurements along transects taken 0.3 m apart and at 40 second intervals (Turnipseed and
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Sauer 2010). A total of five measurements were conducted at KP-2 and included measurements
during the diurnal high and low flows. At BL-3 only two stream flow measurements were
conducted due to difficulty of crossing the stream and risky conditions for the person conducting
the measurements, particularly during high flows. Stream flow measurements were used to
determine the relationship between discharge and stage for the calculation of continuous
discharge over the period of the field work. Discharge data along Bull Lake Creek were
acquired from the three USGS gaging stations.
Glacial meltwater contribution was estimated for all non-gauged glacial outlet streams in
the Bull Lake Creek watershed using an area-discharge ratio derived from the discharge
measurements obtained at KP-2 and BL-3. Discharge measurements for this ratio were also
included from a previous study at Continental Glacier in the Torrey Creek Watershed (Figure 1)
on the northern end of the Wind River Range during 2012 (Vandeberg and VanLooy 2016). To
justify the use of the 2012 Continental Glacier discharge data, climatic conditions along with
stream discharge within the Wind River Range were analyzed for the two study dates (i.e.
August 10 – 13 in 2012, and August 14 – 17 in 2015) to determine if the two study years were
statistically similar. Mean daily temperature and precipitation data from three Snowpack
Telemetry (SNOTEL) Network stations within the Wind River Range closest to the glaciers were
analyzed: Gunsight Pass (ID# 944; 2,993 m a.s.l.) approximately 11 km from Continental
Glacier, Cold Spring (ID# 405; 2,935 m a.s.l.) approximately 18 km from Continental Glacier,
and Elkhart Park (ID# 468; 2,865 m a.s.l.) approximately 15 km from Knife Point Glacier
(Figure 1) (NRCS 2018). Snow water equivalence from the winters preceding 2012 and 2015 at
these SNOTEL stations were also analyzed. Average daily discharge data from four USGS
gaging stations (Bull Lake Creek above Bull Lake Reservoir (ID# 06224000); Dinwoody Creek
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(ID# 06221400); Pine Creek (ID# 09196500); and Green River (ID# 09188500)) (Figure 1) were
analyzed for the same August study dates of 2012 and 2015 to determine if they were statistically
similar. Statistical analysis for mean daily temperature and precipitation during the study dates
for 2012 and 2015 was conducting using Mann-Whittney U tests. Statistical analysis of
streamflow during the study dates for 2012 and 2015, and snow water equivalence for the
winters preceding the 2012 and 2015 was conducted using a difference of means t-test.
Delineation and analysis of the glaciers were conducted using ArcGIS 10.3 (ESRI,
Redlands, CA). Glaciers were digitized from National Agriculture Imagery Program (NAIP)
aerial photographs from September 2015 with a spatial resolution of 1 m (USDA 2018).
Estimation of discharge contribution of the non-gauged glacial meltwater outlet streams in Bull
Lake Creek watershed in 2015 was calculated from the linear model of the average discharge for
the three measurement sites (KP-2, BL-3, and Continental Glacier) versus glacier area.

Sampling and laboratory analysis
Air temperature was measured using Lascar EasyLog EL-USB-1 data loggers at three locations;
the research camp (CT-1 at 3,401 m a.s.l.), and two locations on Knife Point Glacier (GT-1 at
3,466 m a.s.l., and GT-2 at 3,515 m a.s.l.) (Figure 2). On the glacier, ice axes were temporarily
installed upright with the temperature data loggers attached by a short rope and hanging down
from the end of the pick by about 6 cm. At the research camp, the temperature data logger was
installed along a guy wire half way between a tent and the ground with a distance of about 0.5 m
between the ground and the data logger.
Water samples were collected at five locations across the study site: KP-1, KP-2, BL-2,
BL-3, and SNO-2 (Figure 2). Specific conductivity, pH and temperature were measured in the
field using an Oakton PCTestr 35 (Vernon Hills, Illinois, USA). The pH meter was calibrated
9

daily to three standard references, and conductivity to one. Total dissolved solids (TDS) were
calculated from specific conductance using a factor of 0.65. Continuing calibration verifications
were made during each round of readings. Sample locations were recorded using a Trimble
GeoXH 6000 GPS receiver (Sunnyvale, California, USA) with differential correction (± 0.1 m
horizontal accuracy).
Water samples were collected in 20 ml glass scintillation vials (3 per site) with poly caps
for 𝜹𝜹 𝟏𝟏𝟏𝟏𝐎𝐎 and 𝜹𝜹 𝟐𝟐𝐇𝐇 isotope analysis to determine the percentage of meltwater contribution from

snow versus glacial meltwater. A duplicate sample was also collected at BL-3 (noted as BL-3D).
A sixth sample (BL-1) was planned to be collected on Bull Lake Glacier, but due to difficulty of
the terrain, it was not obtained. The samples were analyzed at the University of Wyoming Stable
Isotope Facility (Laramie, Wyoming, USA) using Cavity Ring-Down spectroscopy (s.d. = 1 𝟎𝟎�𝟎𝟎𝟎𝟎

for 𝜹𝜹 𝟐𝟐𝐇𝐇, s.d. = 0.03 𝟎𝟎�𝟎𝟎𝟎𝟎 for 𝜹𝜹 𝟏𝟏𝟏𝟏𝐎𝐎). Isotope values are presented as per mil (𝟎𝟎�𝟎𝟎𝟎𝟎) relative to

Vienna standard mean ocean water (VSMOW) (Gat 2010). The results of the isotope ratios were
compared relative to the local meteoric water line for western Wyoming, south central Montana
and southeastern Idaho (Benjamin et al. 2004).
A two component isotope mixing model (Sklash and Farvolden 1979; Nolin et al. 2010;

Klaus and McDonnell 2013) was used with glacier meltwater and snowmelt as the two end
components:
𝛿𝛿 18 𝑂𝑂𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 − 𝛿𝛿 18 𝑂𝑂𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠
𝑄𝑄𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 = � 18
� ∗ 𝑄𝑄𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠
𝛿𝛿 𝑂𝑂𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 − 𝛿𝛿 18 𝑂𝑂𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠

(1)

where Q = discharge, glacier meltwater is from Bull Lake or Knife Point Glacier discharge (BL2, KP-2), stream is discharge from Bull Lake Creek (BL-3) and snow is from snowmelt (SNO-2).
The snow samples were collected at a similar elevation to the meltwater samples, so isotope ratio
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differences related to elevation should be minimal. Groundwater was not used as no springs were
sampled in the study area.
Additional water samples were collected in precleaned and triple rinsed bottles (200-500
ml). Samples were kept cool on ice or snow, and preserved if necessary with acid (HNO3 or
H2SO4) depending on the analysis requirements. The water samples were transported on ice to
Energy Laboratories (Billings, Montana, USA) for the following analyses: NO3-NO2 (method
353.2 by colorimetry); SO4 (method 300.0 by colorimetry), P total (method 365.1 by
colorimetry); total N; total Kjeldahl nitrogen (TKN) as N (method 351.2 by colorimetry); and 23
total recoverable elements (method 200 nitric-hydrochloric acid digestion followed by ICP-MS
analysis using methods 200.7, 200.8 or 245.1 depending upon the element) (USEPA 1983). One
field duplicate sample was collected at BL-3 and analyzed for quality assurance and control
purposes. Analytical results were analyzed for descriptive statistics using IBM SPSS statistics
24 software (IBM New York, USA).

Results and discussion
Glacial meltwater and stream discharge
The discharge at KP-2 was measured directly from the glacial outlet with little to no
influence from other water sources (i.e. large snow patches, lakes or ponds, etc.) with the stilling
well located approximately 100 m from the terminus of Knife Point Glacier. Average glacial
stream discharge at KP-2 as calculated from the stage measurements was 0.40 m³ s-1. The
discharge measured at BL-3 occurred below the confluence of the Knife Point and Bull Lake
outlet streams, and again had little influence from other water sources. Average glacial stream
discharge at BL-3 as calculated from the stage measurements was 0.97 m³ s-1. The discharge
11

from BL-2 (0.57 m³ s-1) representing meltwater from Bull Lake Glacier and the surrounding
snow and ice patches was calculated as the difference in discharge from KP-2 and BL-3. A
noticeable feature in the hydrograph (Figure 3) is a spike measuring over 2.5 m³ s-1 at BL-3 and
over 1.0 m³ s-1 at KP-2 during the early morning hours of August 15. This spike is due to a
precipitation event and was the only significant precipitation that occurred during the field
observations. The mean August 2015 stream discharge at the USGS Bull Lake Creek station
above the reservoir (ID #06224000) was 7.0 m³ s-1.
Air temperature recorded at the field camp (CT-1) over the five day period fluctuated
between 4° C and 35° C, and between 0.5° C and 26° C on the glacier at GT-1 and GT-2 (Figure
3). Daytime temperatures are likely misleading as direct Sun radiation on the instrument may
have warmed the sensor. This is likely the case as the highest recorded maximum temperature at
any of the three SNOTEL sites (Elkhart Park which is approximately 550 m lower in elevation
than CT-1) was 25.7 °C (NRCS 2018). As well, the many dramatic temperature “spikes” noted
on Figure 3 are a likely indication of rapid changes due to shifting cloud cover and Sun exposure
on the sensor during daylight hours. Consequently, nighttime temperatures probably are more
accurate due to the lack of the sun’s influence. Air temperatures on the glacier were constantly
above 0° C indicating that the glacier was continuously melting during the field study. This
relatively warm minimum temperature may be related to observed warming minimum
temperatures noted throughout the region since the year 2000 (Chang and Hansen, 2014).
The surface area of all of the Bull Lake Creek watershed glaciers determined by using the
2015 NAIP imagery was 6.69 km². The five largest glaciers by area were Sacagawea (1.50 km²),
Upper Fremont (1.18 km²), Bull Lake (1.17 km²), Helen (0.89 km²), and Knife Point (0.63 km²).
Continental Glacier, 25 km to the North, had an area of 1.76 km² with an average discharge of
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1.01 m³ s-1 during the field work conducted August 10 – 13, 2012 (Vandeberg and VanLooy
2016). Statistical analysis was conducted for the justification of the use of 2012 Continental
Glacier discharge data as a component of estimating the non-gauged glacial outlet streams for
2015 within the Bull Lake Creek watershed. Results of this analysis indicate that both 2012 and
2015 were statistically similar years in terms of temperature, snow water equivalence, and stream
discharge within the Wind River Range during the dates of the field studies.
Average daily temperature for the three SNOTEL sites for the August study dates were
15.2 °C in 2012 and 15.1 °C in 2015 with a U Statistic of 67.5 and a critical value of 37.
Average daily stream discharge at the four USGS gaging stations for the study dates were 6.5 m³
sˉ¹ in 2012 and 6.6 m³ sˉ¹ in 2015 with a p-value of 0.87. Average daily stream discharge for
only Bull Lake Creek above Bull Lake Reservoir (ID# 06224000) was 7.3 m³ sˉ¹ in 2012 and 7.8
m³ sˉ¹ in 2015 with a U Statistic of 27 and a critical value of 17. Average snow water
equivalence for the three SNOTEL stations during the winters preceding 2012 and 2015 were
13.7 and 14.2 cm respectively and were statistically similar with a p-value of 0.63. As well, the
last day of snowmelt at any of the stations was June 2nd for both 2012 and 2015. Finally, average
precipitation from the three SNOTEL sites during the August study dates was 0.25 cm in 2012
and 0.18 cm in 2015, which are significantly different but negligible amounts. More importantly
are the observed precipitation events that occurred at the study sites. Only one precipitation
event occurred in 2015 and no precipitation events occurred in 2012. To determine the impact of
the 2015 precipitation event on the average discharge measurements at KP-2 and BL-3, the
discharge data represented by the “spike” in the hydrograph of Figure 3 were removed and
discharge was recalculated with a result of 0.39 m³ s-1 at KP-2, and 0.94 m³ s-1 at BL-3. This is a
difference of 0.01 m³ s-1 at KP-2 and 0.03 m³ s-1 at BL-3, which is well within the uncertainty
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estimates at either site (±0.25 m³ s-1 and ±0.59 m³ s-1 respectively). Due to the statistical
similarities in the climatic and streamflow conditions during the 2012 and 2015 field studies, the
authors feel justified in using the 2012 Continental Glacier discharge data as a component in the
linear model for estimating meltwater discharge of the non-gauged glacial outlet streams in Bull
Lake Creek watershed in 2015.
The comparison of the average discharge for each glacier (i.e. Knife Point, Bull Lake,
and Continental Glaciers) during the study period versus glacier area was plotted resulting in a
linear model (Figure 4) which was then used to estimate the meltwater discharge for all nongauged Bull Lake Creek glacial outlet streams. The calculated estimations of meltwater from all
the glaciers in the watershed indicated they contributed a total of 3.89 m³ s-1 to Bull Lake Creek
which is 55.6% of the discharge measured at the Bull Lake Creek USGS gaging station above
the reservoir (ID #06224000) during the study period.

Stable isotopes
The analytical results for stable isotopes δ 18O and δ 2H are shown in Table 2. We note

that the total number of samples is limited, so the temporal and spatial variability of the

supraglacial water (KP-1), snow (SNO-2), glacial meltwater (KP-2, BL-2) and stream water
(BL-3) may not be fully characterized. All of the isotope results are depleted relative to the
VSMOW standard, and fall adjacent and along the local meteoric water line of Benjamin et al.
(2004) (Fig. 5). The snow samples in this study were most enriched in the stable isotopes
measured relative to the other samples. Melting water in the snow pack can homogenize δ 2H

and δ 18O throughout the snow pack, and the isotopes can be enriched through evaporation (Gat
2010). We did not have any summer precipitation samples, but Benjamin et al. (2004) found
14

δ 2H and δ 18O isotopes in late season snow samples to be more depleted than summer

precipitation. The stable isotopes δ 2H and δ 18O are most depleted in the supraglacial samples

collected on the surface of Knife Point Glacier (KP-1). This sample site is probably most

indicative of the glacial ice composition because of the lack of melting snow nearby. The greater
depletions of stable isotopes in the supraglacial samples relative to the VMSOW may be due to
different atmospheric and/or elevation conditions when the ice was formed, or as it melted. The
stable isotope depletions for the meltwater and stream samples (KP-2, BL-2 and BL-3) lie
between the supraglacial meltwater and the snow samples, and likely represent a mix of melting
glacial ice and snow. Our samples were collected in late summer and it is likely that the
depletions, especially of δ 18O would be variable from spring and summer to late summer (Cable

et al. 2011, Williams et al. 2016, Carling et al. 2017).

The stable isotope signatures of δ 2H and δ 18O show that the upper Bull Lake Creek late

summer stream flow is dominated by glacial meltwater, because the isotope ratios for the

meltwater (KP-1, KP-2, BL-2) and stream (BL-3) are similar versus the snow melt ratios (Fig.
5). The mean of glacial meltwater δ 18O ratios from KP-2 and BL-3 was used as one of the

components in the two part mixing model, along with the ratios from SNO-2 (Table 3). The

isotope ratios show that seasonal snowmelt makes up about 20 % of the late summer season flow
to upper Bull Lake Creek, while glacial meltwater contributes about 80 % of the late summer
season flow for 2015 based on the time of sample collection. These results show how important
late summer season glacial meltwater flow is to tributary streams in the Wind River Range (see
also Cable et al. 2011, Vandeberg and VanLooy 2016).

Water quality
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The geochemical signatures of the water samples in this study show differences between the
water types, and allow for comparison with other glacial studies (Table 4). The snow has a much
different geochemical signature than the supraglacial, glacial meltwater and stream samples. The
snow samples had the highest concentrations of major ions, and total recoverable elements, often
times an order of magnitude higher than the other samples. The crust of the snow was removed
before collecting the snow sample, so the analytical results should not be biased by an enriched
dust and debris layer on the snow surface. However, the snow sample was collected from only
one location adjacent to Knife Point Glacier, so the elemental concentrations may not be totally
representative of all the snow in the upper watershed. Total recoverable elements in the snow
sample decreased in the following order: Fe > Al >Ti >Mn > Zn > Cu > V > Sr > Pb > Cr > As >
Be. Since the element concentrations in the snow are so much higher than the streams or
meltwater, an atmospheric source is likely (see Brahney et al. 2014, Carliing, et al. 2017).
Carling et al. (2017) suggests that Mn, Hg, Zn, Cd, Co and Pb from supraglacial samples in the
Teton Range, Wyoming are likely anthropogenic in origin from dust, aerosols or snowfall. They
further identify gas production south and east of the Tetons, and agriculture in the Snake River
Plain of Idaho as source areas for these elements.
A spatial component is seen in some of the field measured parameters, major ions and
trace elements for the meltwater, supraglacial and stream samples. Specific conductance
measurements increased with distance from the glaciers and were highest at BL-3 (13.5 µS cm-1)
suggesting that the chemical weathering of geologic material increases dissolved solids (ions) in
the discharge. Rock flour was also evident in meltwater from Knife Point and Bull Lake
Glaciers, indicating a high suspended load. Baron et al. (2009) found very similar conductivity
values in glacial meltwater in the Colorado Front Range, whereas in a much broader study, Fegel
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et al. (2016) found that specific conductance of glacier meltwater streams in the Rocky
Mountains was mostly less than 50 µS cm-1 with similar temperatures and pH to this study.
Carling et al. (2016) found conductivity to be highest in proglacial stream samples (~6 µS cm-1 12 µS cm-1) followed by glacial meltwater (~2 µS cm-1 – 3 µS cm-1), and supraglacial meltwater
(~1 µS cm-1 – 2 µS cm-1) in the Teton Range, Wyoming. Major ions (Ca, Mg, K, Si), excluding
the snow sample, are most elevated at BL-2 with Si the most abundant of the ions (Table 4).
Trace elements of Al, Cu, Fe, Pb, Mn, Sr, Ti and Zn show a similar trend in decreasing in a
downstream direction from the glacial meltwater locations (KP-2, BL-2) to the Bull Lake stream
sample (BL-3). The supraglacial sample (KP-1) had trace element concentrations most similar to
BL-3. The major elements of Fe, Mg, Ca and Ti were present (7 % to < 0.002 %) in migmatite
and breccia bedrock samples collected in the study area, with Fe being the most abundant
(Granger et al. 1971). Trace elements such as Mn, B, Ba, Be, Co, Cr, Cu, Ni, Pb and Sr were
detected in sand samples collected from Bull Lake Creek (Granger et al. 1971). These bedrock
and sand particle chemistries support a geologic source for some of these elements in the KP-2
and BL-2 samples. Because major ions and total recoverable elements were most abundant in
the snowmelt sample (SNO-2), snowmelt is also a likely source for these elements and ions in
the glacial meltwater. Carling et al. (2016) found higher concentrations of Mn, Hg, Zn, Cd, Co
and Pb in supraglacial meltwater relative to downstream in the Teton Range, Wyoming, and
attributed the elements to anthropogenic sources.
Total nitrogen and phosphorus were most abundant in snow, whereas nitrate-nitrite was
most abundant in water from BL-3 (Table 4). Nitrate-nitrite increases in a downstream direction
with KP-1 having the lowest concentration, followed by Knife Point and Bull Lake glacial
meltwater, and the Bull Lake stream sample (BL-3). Nitrate-nitrite are the mineral components
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of nitrogen, and bioavailable. Nitrogen was most prevalent as TKN (organic nitrogen and
ammonia) and total nitrogen in the snow sample, but was not detected in the other samples,
probably because of the high detection level (0.5 mg l-1) for the methods used. Total phosphorus
was an order of magnitude higher in the snow versus the other water samples.
Many studies have examined the nutrient contributions of glacier systems to watershed
(e.g. Baron et al. 2009; Saros et al. 2010; Bhatia et al. 2013; Brahney et al. 2014; Lawson et al.
2014; Fegel et al. 2016; Zhang et al. 2017). Baron et al. (2009) documented a 30.9% increase of
nitrate concentrations (0.40 mg l-1 – 0.52 mg l-1) from the Sky Pond inlet flow from the Taylor
Rock Glacier in the Colorado Front Range, and noted that the melting glaciers in the system
allow for more nitrogen to be flushed into the system. These nitrate concentrations are higher
overall than the concentrations found in this study. Saros et al. (2010) found higher nitrate
concentrations from glacier fed systems (0.114 mg l-1) versus snow-fed lakes (0.004 mg l-1) in
Montana. Possible mechanisms for these higher nitrate concentrations may be associated with
evaporative concentration, less biological interaction to reduce the nitrates, and possible
nitrification of ammonia in snow and ice melt (Saros et al. 2010). Branhney et al. (2014) found
total phosphorus concentrations in alpine lakes in the southwestern part of the Wind River Range
from approximately 0.005 mg l-1 to 0.013 mg l-1, and identified atmospheric dust as a contributor
to water nutrients. Data from this study and Vandeberg and VanLooy (2016) regarding glacial
meltwater in the Wind River Range, show that glaciers can release a fair amount of nutrients to
local streams (Figure 6). Late summer nitrate-nitrite loading from Bull Lake (BL-2) and Knife
Point (KP-2) Glaciers can account for 79.5 % of the loading found in Bull Lake Creek (BL-3),
while 90 % of the NO3 – NO2 loading in the northern Wind River tributary of Torrey Creek
(TCR-1, Figure 6) can be accounted for with discharge from Continental Glacier (CG-1).
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The Bull Lake and Knife Point Glacier meltwater can account for almost 50 % of the late
summer total P loading to Bull Lake Creek (BL-3). Discharge from Continental Glacier (CG-1)
accounts for about 26 % of P loading to Torrey Creek. Phosphorus is present in many sources
such as the mineral apatite, fertilizers, diesel fuel emissions and biomass burning (Boyd 2015;
Pearson et al. 2015). Phosphorus-rich bedrock is present near the confluence of the tributaries
and the Wind River, but not within the upper study area (Granger et al. 1971), so atmospheric
deposition is the most likely source for the total P within the glacier meltwater.

Conclusions
Measured discharge from Knife Point Glacier within the Bull Lake Creek watershed
averaged 0.40 m³ s-1 with a range of 0.07 to 1.24 m³ s-1 over a five day period in mid-August
2015. This discharge corresponds to a 5.7 % contribution to Bull Lake Creek during this same
time period. Measured discharge below the confluence of the Knife Point and Bull Lake Glacier
outlet streams was 0.97 m³ s-1 with a range of 0.23 to 2.57 m³ s-1, which equates to a contribution
of 8.1 % to Bull Lake Creek. The estimated discharge of all Bull Lake Creek watershed glaciers
based on the area-discharge ratio is 3.89 m³ s-1 which contributes approximately 55.6 % to the
Bull Lake Creek stream flow. These results support the idea that watersheds with small glacier
cover (1.2 % for the Bull Lake Creek watershed) can contribute significantly to stream flow in
the late summer season during years of low snowfall (Stahl and Moore, 2006). It should be
noted that due to the relatively high temperatures during the field work (15.1 °C) as compared to
the August monthly average temperatures (12.7 °C) as calculated from the three SNOTEL
stations, the discharge of the glaciers may be higher than average for this particular month.
However, these results may be more representative of years like 2012 which experienced high
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average temperatures (14.7 °C) throughout August, which shows the significance of glacier
discharge in the Bull Lake Creek watershed during hot, dry years when glacial meltwater is
needed to supplement water resources.
These results are compared with Cable et al. (2011) who, while in a different watershed
(Dinwoody Creek) just to the north of Bull Lake Creek watershed, found similar results of
glacial contributions to stream flow using stable isotope analysis. In Dinwoody Creek watershed
during a year with reduced snowpack (2007) glacial meltwater contributions were calculated to
be as much as 70 % of the stream flow from July to mid-October (Cable et al. 2011). As well,
stable isotope and stream flow analysis from a third watershed (Torrey Creek) indicated 82 %
glacial meltwater contributions to Torrey Creek and 10 % to the Wind River during August
(Vandeberg and VanLooy 2016).
This study found that nutrients from glacial meltwater can be a significant source of total
nutrient loading in Bull Lake Creek. Snowmelt had the highest concentrations of major ions (Ca,
Mg, K, Si, Na, SO4, and TDS) followed by Bull Lake Glacier and Knife Point Glacier meltwater,
and Bull Lake Creek water. Total recoverable elements were most elevated in the snow sample
(SNO-2) and decreased in the following order: Fe > Al > Ti > Mn > Zn > Cu > V > Sr > Pb > Cr
> As > Be. Lower concentrations of total recoverable elements were present in Bull Lake
Glacier and Knife Point Glacier meltwater, followed by Bull Lake Creek water. The
geochemistry of the glacier meltwater represents a likely interaction between elements from
atmospheric deposition (snow) and glacier interaction with the surrounding bedrock. These
elements are introduced into Bull Lake Creek, and can increase the total element loading to the
stream system.
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The results of this study along with the findings of other similar studies indicate that the
glaciers of the Wind River Range, Wyoming are substantially contributing to downstream flow,
particularly during the late summer season of dry years. This should be of great concern to water
resource managers in the surrounding area as the disappearance of these glaciers will likely lead
to significant reductions in water flow and changes in both the riparian ecosystems and the
economic activities immediately downstream. The results of this study emphasize the need for
more discharge field measurements and improved accuracy in the quantification of glacial
meltwater contributions to major watersheds. As well, new and better methods for validating the
accuracy of reported glacial melt water contributions in the literature is needed. This is
particularly necessary in arid regions such as the western United States where accurate reporting
of all water resources is critical for proper water management, especially in light of increased
water scarcity due to changing climatic conditions.
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Table 1.

Knife Point
Glacier (KP-2)

Q ± σ m³ sˉ¹
(August 2015)

%Q to BLC
(USGS Station ID
#0622400)

0.40 ± 0.25

5.7

Bull Lake Glacier 0.57 ± 0.42*
(BL-2)

8.1

Bull Lake/Knife
Point (BL-3)

0.97 ± 0.59

13.9

Estimated All
Bull Lake Creek
Glaciers

3.89 ± 2.41

55.6

*Calculated as the difference between mean discharge (Q) of BL-3 and KP-2; uncertainty is the
average of the standard deviation of KP-2 and BL-3.

29

Table 2.
Sample
location

Number of
samples

𝜹𝜹 𝟐𝟐𝐇𝐇 𝟎𝟎�𝟎𝟎𝟎𝟎 (s.d.)

𝜹𝜹 𝟏𝟏𝟏𝟏𝐎𝐎 𝟎𝟎�𝟎𝟎𝟎𝟎 (s.d.)

BL-2

2

-123.0 (0.00)

-17.15 (0.07)

BL-3

4

-116.5 (0.58)

-16.48 (0.05)

KP-1

2

-128.0 (0.00)

-17.60 (0.00)

KP-2

2

-120.0 (0.00)

-16.85 (0.07)

SNO-2

2

-101.5 (0.71)

-14.25 (0.07)

30

Table 3.
Source
location
Glacial
meltwater
BL-2
KP-2
Total glacier
meltwater
(mean)
Snow
meltwater
SNO-2

Contribution (%
and s.d.)

75.72 ± 6.4
84.84 ± 6.4
80.02 ± 6.4

19.97 ± 6.4
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Table 4.

Parameter
Field
pH
Temp (°C)
Specific cond.
(µS cm-1)
Nutrients
NO3-NO2
(mg l-1)
TKN (mg l-1)
N tot. (mg l-1)
P tot. (mg l-1)
Major Ions
Ca (mg l-1)
Mg (mg l-1)
K (mg l-1)
Si (mg l-1)
Na (mg l-1)
SO4 (mg l-1)
Total
recoverable
elements
Al (mg l-1)
As (mg l-1)
Be (mg l-1)
B (mg l-1)
Cr (mg l-1)
Cu (mg l-1)
Fe (mg l-1)
Pb (mg l-1)
Mn (mg l-1)
Hg (mg l-1)
Mo (mg l-1)
Se (mg l-1)
Ag (mg l-1)
Sr (mg l-1)
Tl (mg l-1)
Ti (mg l-1)
V (mg l-1)
Zn (mg l-1)

Bull Lake
Glacier
meltwater
(BL-2)

Knife Point
Glacier
surface
meltwater
(KP-1)

Knife Point
Glacier
meltwater
(KP-2)

Bull Lake
Creek
(BL-3a)

Snow
sample
(SNO-2)

--b
---

6.34
0.20 ± 0.10
2.16 ± 0.41

6.76 ± 0.20
3.29 ± 1.05
7.23 ± 1.97

7.05 ± 0.12
3.13 ± 0.91
10.9 ± 3.50

----

0.11

0.02

0.18

0.28 - 0.30

0.07

< 0.5
< 0.5
0.198

< 0.5
< 0.5
0.045

< 0.5
< 0.5
0.063

< 0.5
< 0.5
0.026 - 0.029

8.2
8.3
6.75

2
2
2
8.7
<1
<1

<1
<1
<1
1.7
<1
<1

1
1
1
4.3
<1
<1

2
<1
<1
2.8
<1
<1

16
28
19
68.8
3
<1

4.39
<0.001
<0.001
<0.05
<0.005
0.006
4.70
0.007
0.089
<0.0001
<0.001
<0.001
<0.001
0.01
<0.0005
0.280
<0.01
0.02

1.00
<0.001
<0.001
<0.05
<0.005
<0.005
1.05
0.002
0.020
<0.0001
<0.001
<0.001
<0.001
<0.01
<0.0005
0.054
<0.01
<0.01

2.27
<0.001
<0.001
<0.05
<0.005
<0.005
2.21
0.002
0.041
<0.0001
<0.001
<0.001
<0.001
<0.01
<0.0005
0.137
<0.01
<0.01

1.16 – 1.22
<0.001
<0.001
<0.05
<0.005
<0.005
0.85 - 0.86
<0.001 – 0.001
0.016 – 0.017
<0.0001
<0.001
<0.001
<0.001
<0.01
<0.0005
0.052 – 0.055
<0.01
<0.01

43.5
0.008
0.002
<0.05
0.045
0.105
60.4
0.075
1.30
0.0002
<0.001
<0.001
<0.001
0.09
0.0012
2.66
0.10
0.25

mean or range (when only two samples) includes field duplicate of BL-3 for quality assurance and
control
b
not available
a
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Table Captions
Table 1. Mean discharge (Q) and standard deviation (σ) measured from Knife Point Glacier (KP2), Bull Lake Glacier (BL-2), below the Knife Point/Bull Lake Glacier outlet stream confluence
(BL-3), and an estimate for all Bull Lake Creek Glaciers, and percent discharge contribution to
Bull Lake Creek (BLC) above Bull Lake Reservoir (at USGS station #06224000).
Table 2. Mean and standard deviation (s.d.) results of stable isotope analysis of 𝛿𝛿 2H and 𝛿𝛿 18O in
glacial meltwater (BL-2, KP-2), supraglacial meltwater (KP-1), stream water (BL-3) and snow
(SNO-2).
Table 3. Contributions of water sources to Bull Lake Creek (BL-3) flow based on isotope data
and two part mixing model.
Table 4. Field and analytical data (mean and standard deviation) for meltwater, streams and snow
in Bull Lake drainage, Wyoming, 2015.
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Figure Captions
Figure 1. Study area of Bull Lake Creek watershed. Inset at top center shows location of Torrey
Creek watershed where Continental Glacier is located, along with SNOTEL stations (black
triangles; GP: Gunsight Pass, EP: Elkhart Park, and CS: Cold Spring), and USGS streamflow
gaging stations (black squares; BLC: Bull Lake Creek above Bull Lake Reservoir, DC:
Dinwoody Creek, PC: Pine Creek, and GR: Green River). Inset at lower right shows locations of
the five largest glaciers in the Bull Lake Creek watershed. Glacier outlines depict September
2015 boundaries. Background shaded relief and watershed boundaries generated from Shuttle
Radar Topographic Mission (SRTM) DEM.

Figure 2. Locations of stream flow measurements, isotope samples, and temperature data loggers
at the August 2015 field site on and around Knife Point and Bull Lake Glaciers. Background is
NAIP imagery from September 2015.

Figure 3. Hydrograph of measured and gaged discharge (Q) at KP-2 (measured discharge
represented by open circles, and gaged discharge represented by dotted line) and BL-3 (measured
discharge represented by open triangles, and gaged discharge represented by dashed line) field
sites, along with temperature (T) at CT-1 (light gray line), GT-1 (dark gray line), and GT-2
(black line) field sites during August 2015.
Figure 4. Glacier area (A km²) versus average glacier discharge (Q̅ m3 s-1) for Knife Point (KP2), Bull Lake (BL-2), and Continental Glaciers (black circles). Trend line represented by the
dashed line with the equation, R², and p-value above. Open circles represent the estimated
glacial discharge (Q̅ m3 s-1) by area for all glaciers without 2015 field discharge measurements in
the Bull Lake Creek watershed.

Figure 5. Isotopes and local meteoric line (WY LML from Benjamin et al. 2007).

Figure 6. Comparison of nutrient loading rates from glacial meltwater in the Wind River Range,
WY from this study and Vandeberg and VanLooy (2016). CG-1 is Continental Glacier
meltwater, TCR-1 is Torrey Creek, and WR-1 is the Wind River near Dubois, WY from August
2014.
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